We have shown previously that withaferin A (WA), a promising anticancer constituent of Ayurvedic medicine plant Withania somnifera, inhibits growth of human breast cancer cells in culture and in vivo in association with apoptosis induction. The present study builds on these observations and demonstrates that WA inhibits constitutive as well as interleukin-6 (IL-6)-inducible activation of signal transducer and activator of transcription 3 (STAT3), which is an oncogenic transcription factor activated in many human malignancies including breast cancer. The WA treatment (2 and 4 mM) decreased constitutive (MDA-MB-231) and/or IL-6-inducible (MDA-MB-231 and MCF-7) phosphorylation of STAT3 (Tyr 705 ) and its upstream regulator Janus-activated kinase 2 (JAK2; Tyr 1007/1008 ) in MDA-MB-231, which was accompanied by suppression of their protein levels especially at the higher concentration. Exposure of MDA-MB-231 or MCF-7 cells to WA also resulted in suppression of (i) transcriptional activity of STAT3 with or without IL-6 stimulation in both cells; (ii) dimerization of STAT3 (MDA-MB-231) and (iii) nuclear translocation of Tyr 705 -phosphorylated STAT3 in both cells. To our surprise, the IL-6-stimulation, either before or after WA treatment, did not have an appreciable effect on WA-mediated apoptosis in MDA-MB-231 or MCF-7 cell line. The IL-6-stimulated activation of STAT3 conferred a modest protection against WA-mediated suppression of MDA-MB-231 cell invasion. General implication of these findings is that WA can trigger apoptosis and largely inhibit cell migration/invasion of breast cancer cells even after IL-6-induced activation of STAT3, which should be viewed as a therapeutic advantage for this agent.
Introduction
Breast cancer is a major health concern for American women (1, 2) . Thousands of women still die from breast cancer despite significant advances toward targeted therapies and screening efforts (3, 4) . Some of the risk factors associated with breast cancer are known, including family history, Li-Fraumeni syndrome, atypical hyperplasia of the breast, late age at first full-term pregnancy, early menarche and late menopause (5) (6) (7) . Novel strategies for reduction of breast cancer risk are needed mainly because many of the known risk factors associated with this neoplasm are not modifiable. Prevention of breast cancer is feasible with selective estrogen receptor modulators (e.g. tamoxifen and raloxifene), but this approach is largely ineffective against estrogen receptor-negative breast cancers (8) (9) (10) . Furthermore, long-term administration of selective estrogen receptor modulators carries the risk of serious side effects including cancer of the uterus, thromboembolism, cataracts and perimenopausal symptoms (8, 9) . Therefore, novel agents that can target both estrogen receptor-positive and -negative breast cancers are clinically desirable. Natural products are attracting increased awareness for the discovery of novel cancer chemopreventive and therapeutic agents (11) .
Ashwagandha (Withania somnifera L. Dunal), which has been used safely for centuries in the Ayurvedic medicine practice for the treatment of various disorders, appears promising in integrative oncology (12, 13) . In addition, W.somnifera has been shown to modulate immune function, provide cardioprotection from ischemia reperfusion injury and suppress markers of 6-hydroxydopamine-induced Parkinsonism in experimental animals (14) (15) (16) . This medicinal plant is also credited for its antibacterial properties and anti-inflammatory effects (17, 18) . The anticancer effect of W.somnifera is attributed, at least in part, to withaferin A (WA). The WA was shown to be a radiosensitizer of a mouse melanoma and inhibitor of mouse Ehrlich ascites carcinoma growth vivo (19, 20) . W.somnifera-derived withanolides, including WA, were shown to inhibit invasion and osteoclastogenesis through suppression of nuclear factor-kappaB (21) . The WA treatment resulted in suppression of IkappaB kinase beta phosphorylation concomitant with potent inhibition of its kinase activity (22) . The WA-mediated suppression of angiogenesis, alteration of cytoskeletal architecture and inhibition of proteasomal activity have also been demonstrated (23) (24) (25) . Recent studies including those from our laboratory have focused on the mechanism by which WA suppresses proliferation of cancer cells (26) (27) (28) (29) (30) (31) (32) . The WA was found to trigger Par-4-dependent apoptosis in human prostate cancer cells (26) . Low micromolar concentrations of WA inhibited growth of cultured MDA-MB-231 and MCF-7 human breast cancer cells but not a spontaneously immortalized non-tumorigenic mammary epithelial cell line (MCF-10A), by causing FOXO3a and Bim-dependent apoptosis (28) . We also found that the WA-treated breast cancer cells were arrested in G 2 phase and mitotic possibly due to inactivation of cyclin-dependent kinase 1/cyclin B1 complex and anaphase promoting complex/cyclosome, respectively (29) .
Signal transducer and activator of transcription 3 (STAT3) is an oncogenic transcription factor implicated in development and progression of various malignancies including breast cancer (33) (34) (35) (36) (37) (38) . The present study was designed to determine the impact of STAT3 activation on anticancer effects (proapoptotic and inhibition of cell migration and invasion) of WA using MDA-MB-231 (an estrogenindependent cell line with mutant p53) and MCF-7 (an estrogenresponsive cell line with wild-type p53) cells. We demonstrate that WA treatment inhibits constitutive as well as interleukin-6 (IL-6)-inducible activation of STAT3, but IL-6-stimulated activation of this transcription factor has marginal effect on anticancer effects of WA.
Materials and methods

Reagents
The WA (purity $99%) was purchased from Enzo Life Sciences (Plymouth Meeting, PA). Dimethyl sulfoxide (DMSO), IL-6 and anti-actin antibody were purchased from Sigma-Aldrich (St Louis, MO). The cell culture medium, antibiotic mixture and fetal bovine serum, trypan blue solution, SytoxGreen and Alexa Flour 568 goat anti-rabbit antibody were purchased from Invitrogen (Carlsbad, CA). The antibodies against phospho-JAK2 (pJAK2; Tyr concentration ,0.1%), and an equal volume of DMSO was added to controls. Each cell line was maintained at 37°C in an atmosphere of 5% CO 2 and 95% air as described by us previously (28, 29) .
Western blotting
Cell lysates from control (DMSO-treated) and WA-treated MDA-MB-231 or MCF-7 cells were prepared as described by us previously (39) . Lysate proteins were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred on to polyvinylidene fluoride membrane. Membranes were blocked with 5% non-fat dry milk in Tris-buffered saline containing 0.05% Tween-20 and incubated with the desired primary antibody overnight at 4°C. The membranes were then hybridized with the desired secondary antibody and the immunoreactive bands were visualized by chemiluminescence method.
Luciferase reporter assay
The MDA-MB-231 or MCF-7 cells were plated and allowed to attach by overnight incubation at 37°C. The cells were then co-transfected with 2 lg of pSTAT3-Luc plasmid encoding STAT3-responsive element (kindly provided by Dr Bharat B.Aggarwal, University of Texas M. D. Anderson Cancer Center, Houston, TX) and 0.2 lg of pRL-CMV plasmid using Fugene6. Twenty-four hours after transfection, the cells were treated with DMSO (control) or WA (2 or 4 lM) for 5 h and then poststimulated with IL-6 (4 ng/ml) for 1 h in the presence of WA. Luciferase activity was determined using a luminometer.
Determination of STAT3 dimerization
Protein extracts from control and WA-treated MDA-MB-231 cells were prepared as described by Shin et al. (40) with some modifications. Proteins were resolved by 6% non-denaturing gel electrophoresis and transferred onto polyvinylidene fluoride membrane. The blots were probed with anti-STAT3 antibody as described above.
Immunocytochemistry for nuclear localization of pSTAT3
The MDA-MB-231 or MCF-7 cells (1 Â 10 5 ) were plated on coverslips and allowed to attach by overnight incubation. After 12 h of serum starvation, the cells were treated with different concentrations of WA for 5 h followed by co-treatment with IL-6 (4 ng/ml) for an additional 1 h. The cells were fixed ) and total STAT3 using lysates from MDA-MB-231 or MCF-7 cells treated with DMSO (control) or WA (2 or 4 lM) for 5 h and then stimulated with 4 ng/ml IL-6 for 1 h in the presence of WA. Cells were serum-starved for 12 h prior to treatments. Blots were stripped and reprobed with anti-actin antibody to correct for differences in protein loading. Numbers above immunoreactive bands represent changes in levels relative to corresponding DMSO-treated control. Each experiment was repeated at least twice and the results were consistent. Representative data from one such experiment are shown.
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with 2% paraformaldehyde for 1 h at room temperature, permeabilized with 0.5% Triton X-100 for 10 min and blocked with phosphate-buffered saline supplemented with 0.5% bovine serum albumin and 0.15% glycine for 1 h. The cells were treated with anti-pSTAT3 (Tyr 705 ) antibody overnight at 4°C. The cells were then treated with 2 lg/ml of Alexa Fluor 568-conjugated secondary antibody for 1 h at room temperature. The cells were washed with phosphate-buffered saline and counterstained with SytoxGreen (0.5 lmol/l) for 3 min at room temperature to stain nuclear DNA. Subsequently, the cells were mounted and observed under a Leica DC300F fluorescence microscope at Â100 objective magnification.
Measurement of cell viability and apoptosis
The effect of WA and/or IL-6 treatments on viability of MDA-MB-231 or MCF-7 cells was determined by trypan blue dye exclusion assay as described by us previously (41) . The proapoptotic effect of WA was assessed by quantification of cytoplasmic histone-associated DNA fragmentation and cleavage of poly-(adenosine diphosphate-ribose)-polymerase and procaspase-3.
Cell migration and invasion assay
The MDA-MB-231 cells (1 Â 10 5 ) were suspended in serum-free medium and placed in the upper compartment of Boyden Chamber containing 8 lm filter for migration assay. The Boyden Chamber was coated with 30 ll of Matrigel (1:2 dilution in medium) for invasion assay and contained 10% fetal bovine serum. After 24 h of incubation with the indicated concentrations of WA and/or IL-6, nonmotile cells were removed from the upper surface of the filter. The motile cells on the bottom face of the filter were fixed with methanol and stained with hematoxylin and eosin.
Statistical analysis
Statistical significance of difference in measured variables between control and WA-treated groups was determined by one-way analysis of variance followed by Bonferroni's test. Difference was considered significant at P , 0.05.
Results
WA treatment inhibited constitutive and IL-6-inducible phosphorylation of STAT3 in human breast cancer cells
The STAT3 activation is caused by phosphorylation at Tyr 705 (33, 35) . We used MDA-MB-231 and MCF-7 cells to determine the effect of WA (structure of WA is shown in Figure 1A ) on STAT3 activation. The level of Tyr 705 -phosphorylated STAT3 was decreased to below detection limit in MDA-MB-231 cells treated for 6, 12 and 24 h at both 2 and 4 lM concentrations ( Figure 1B) . The WA-mediated reduction in phosphorylation of STAT3 was accompanied by a decrease in its protein level especially at the 24 h time point at both concentrations. The WA treatment also resulted in a concentration-dependent decrease in Tyr 1007/1008 phosphorylation of JAK2, an upstream kinase responsible for activation of STAT3 (42) . Level of total JAK2 protein was also reduced in a dose-dependent manner in WA-treated MDA-MB-231 cells, but this effect seemed somewhat reversible at the 24 h time point ( Figure 1B ). Constitutively active STAT3 was very low in the MCF-7 cells line. A 60 min exposure of serum-starved (12 h starvation) MCF-7 and MDA-MB-231 cells to 4 ng/ml IL-6, a known activator of STAT3 (42), resulted in a robust increase in Tyr 705 phosphorylation of STAT3 in both cell lines ( Figure 1C) . The IL-6-induced phosphorylation of STAT3 was decreased to below detection limit on treatment with WA in both cell lines, which correlated with suppression of total STAT3 protein level especially at the 4 lM concentration ( Figure 1C ). The WA-treated MCF-7 and MDA-MB-231 cells also exhibited a decline in Ser 727 phosphorylation of STAT3, which was either insensitive (MCF-7) or weakly sensitive (MDA-MB-231) to IL-6 stimulation ( Figure 1C) . Collectively, these results indicated that WA treatment inhibited both constitutive and IL-6-inducible phosphorylation of STAT3 in human breast cancer cells regardless of estrogen responsiveness.
WA treatment inhibited STAT3-dependent luciferase activity in breast cancer cells We performed luciferase reporter assay to determine the effect of WA treatment on transcriptional activity of STAT3. Six hours treatment of MDA-MB-231 cells with 2 and 4 lM WA resulted in $80% decrease in STAT3-dependent luciferase activity (Figure 2A ). Transcriptional activity of STAT3 was modestly but significantly increased upon 1 h treatment of MDA-MB-231 cells with 4 ng/ml IL-6 ( Figure 2A) . The IL-6-mediated increase in STAT3-associated luciferase activity was inhibited in the presence of WA (Figure 2A) . Likewise, the WAtreated MCF-7 cells exhibited statistically significant inhibition of STAT3-dependent luciferase activity regardless of IL-6 treatment ( Figure 2B ). These results indicated that WA treatment inhibited transcriptional activity of STAT3 in breast cancer cells.
WA treatment diminished dimerization and nuclear localization of STAT3 Phosphorylation at Tyr 705 results in homodimer formation of STAT3 or heterodimerization with other STAT members, which enables WA inhibits STAT3 activation nuclear translocation of STAT3 for binding to specific sequences of target genes (33, 35) . Figure 2C shows the effect of WA treatment on dimerization of STAT3 in MDA-MB-231 cells. Level of STAT3-STAT3 dimer was decreased markedly in MDA-MB-231 cells treated for 12 and 24 h with 2 and 4 lM WA ( Figure 2C ). Figure 3A depicts immunocytochemical analysis for constitutive active pSTAT3 (red fluorescence) and SytoxGreen-associated nuclear staining (green fluorescence) in MDA-MB-231 cells following 6 h treatment with DMSO (control) or the indicated concentrations of WA. Consistent with immunoblotting results shown in Figure 1B , pSTAT3 was predominantly localized in the nucleus as evidenced by yellow-orange staining due to merging of red and green fluorescence. Nuclear level of pSTAT3 was decreased markedly in cells treated with 2 and 4 lM WA ( Figure 3A) . As expected, 60 min exposure of MDA-MB-231 cells to 4 ng/ml IL-6 resulted in increased nuclear level of pSTAT3 as evidenced by more intense yellow-orange staining ( Figure 3B ) compared with unstimulated MDA-MB-231 cells ( Figure 3A) . The IL-6-stimulated nuclear localization of pSTAT3 was also inhibited in the presence of WA ( Figure 3B ). Nuclear staining for pSTAT3 was fairly weak in unstimulated MCF-7 cells (Figure 4A ), which was consistent with the immunoblotting data ( Figure 1C ). Similar to the MDA-MB-231 cell line, 60 min exposure of MCF-7 cells to IL-6 (4 ng/ml) resulted in a robust increase in the nuclear pSTAT3 signal ( Figure 4B) . The IL-6-stimulated nuclear localization of pSTAT3 was nearly completely abolished in the presence of WA ( Figure 4B ). These results showed inhibition of constitutive and IL-6-induced nuclear localization of pSTAT3 in both cells and dimerization of STAT3 in MDA-MB-231 cells by WA treatment. Effect of IL-6-stimulated STAT3 activation on WA-induced apoptosis STAT3 is known to regulate expression of various genes involved in control of cell proliferation and apoptosis including cyclin D1, Bcl-2 and survivin (35) . Because WA treatment inhibited both constitutive and IL-6-stimulated STAT3 activation, we questioned if STAT3 affected proapoptotic response to WA treatment. Serum-starved (12 h starvation) MDA-MB-231 and MCF-7 cells were treated for 12 h with WA and then stimulated with IL-6 (4 ng/ml) for 12 h in the Ã P , 0.05, significantly different compared with corresponding DMSO-treated control by one-way analysis of variance followed by Bonferroni's multiple comparison test. Each experiment was repeated at least twice, and representative data from one such experiment are shown.
WA inhibits STAT3 activation presence of WA. The WA treatment resulted in a concentrationdependent and statistically significant decrease in viability of both MDA-MB-231 and MCF-7 cells ( Figure 5A ). Growth of MDA-MB-231 cells was stimulated in the presence of IL-6. However, the IL-6-stimulated activation of STAT3 did not have any appreciable effect on WA-mediated suppression of cell viability in either cell line ( Figure 5A) . Likewise, the WA treatment caused cytoplasmic histoneassociated DNA fragmentation regardless of IL-6 stimulation in both cell line ( Figure 5B ). Consistent with these observations, the IL-6 stimulation did not confer protection against WA-mediated cleavage of poly-(adenosine diphosphate-ribose)-polymerase and/or procaspase-3 ( Figure 5C ).
Separately, we tested the possibility if IL-6 stimulation prior to WA treatment conferred protection against growth inhibition and apoptosis induction by WA using the MDA-MB-231 cell line. Serum-starved (12 h starvation) MDA-MB-231 cells were first treated with 4 ng/ml IL-6 for 6 h and then exposed to WA in the presence of IL-6 for an additional 18 h. As can be seen in Figure 5D , even with this experimental design, the WA-mediated inhibition of cell viability or cytoplasmic histone-associated DNA fragmentation was not blunted by IL-6 pretreatment. Together, these observations indicated that the proapoptotic response to WA was maintained even after IL-6-stimulation.
WA treatment inhibited MDA-MB-231 cell migration and invasion STAT3 expression and activation in tumor samples has also been shown to correlate with tumor grade, stage and metastasis (43, 44) . We raised the question of whether inhibition of STAT3 activation contributes to WA-mediated suppression of cell migration and invasion. We addressed this question using MDA-MB-231 cell line, which is highly invasive. As can be seen in Figure 6A , migration of MDA-MB-231 cells was inhibited by $70 to 100% by a 24 h treatment with 2 and 4 lM WA. The migratory potential of MDA-MB-231 cells was significantly increased in the presence of IL-6 ( Figure 6A ). Presence of IL-6 conferred partial protection against WA-mediated inhibition of MDA-MB-231 cell migration at the 2 and 4 lM concentration ( Figure 6A ). Invasion by MDA-MB-231 cells through Matrigel, which was sensitive to IL-6 stimulation, was also inhibited in the presence of WA (24 h exposure) in a concentration-dependent manner ( Figure 6B ). The IL-6 stimulation conferred modest yet statistically significant protection against suppression of MDA-MB-231 cell invasion especially at the 2 lM concentration. We conclude that the IL-6-stimulated activation of STAT3 confers marginal resistance at best against WA-mediated inhibition of MDA-MB-231 cell migration and invasion.
Discussion
Research within the past 4 years has provided convincing evidence for an oncogenic role of STAT3, a nuclear transcription factor belonging to the seven member STAT gene family of transcription factors, in human breast cancer (38, (45) (46) (47) (48) . For example, knockdown of STAT3 expression by RNA interference is shown to inhibit the breast tumor induction in immunocompetent mice (37) . The STAT3 expression was significantly and inversely related to overall 5 years survival in a cohort of breast cancer patients (45) . Activation of STAT3 in primary tumors from high-risk breast cancer patients was found to be associated with elevated levels of activated Src and survivin expression (38) . v-erb-b2 erythroblastic leukemia viral oncogene homolog 2, neuro/glioblastoma derived oncogene homolog-mediated Src and STAT3 activation imparted chemoresistance to Taxol in human breast cancer cells through transcriptional upregulation of p21 Cip1 (47) . Constitutive activation of STAT3 was shown to enhance Neu-mediated migration and metastasis in mammary tumors (48) . Accordingly, agents that are relatively safe but could suppress activation of STAT3 are highly attractive for both prevention and treatment of breast cancers. The present study demonstrates that WA, a highly promising natural agent, inhibits constitutive and IL-6-induced activation of Ã P , 0.05, significantly different between the indicated groups by one-way analysis of variance followed by Bonferroni's multiple comparison test. Each experiment was repeated at least twice, and representative data from one such experiment are shown.
J. Lee et al. STAT3 in human breast cancer cells regardless of their estrogen responsiveness. The WA-mediated suppression of STAT3 phosphorylation is probably due to downregulation of its protein level especially at the 4 lM concentration. At the same time, mechanism(s) independent of protein level suppression may also be responsible for the WA-mediated inhibition of STAT3 activation at lower dose.
Phosphorylation at Tyr 705 mediated by different kinases, including JAKs, Rac1 and Src (35, 42) , is critical for activation of STAT3. The IL6-induced activation of STAT3 is mediated by JAKs through a cytoplasmic domain of gp130 of the IL-6 receptor (49) . We show that WA-mediated inhibition of STAT3 activation in breast cancer cells is accompanied by suppression of Tyr 1007/1008 phosphorylation of JAK2. The time course kinetics of WA-mediated suppression of pJAK2 is generally consistent with the reduction of pSTAT3 level.
The STAT3 phosphorylation at Tyr 705 causes its homodimerization and subsequent translocation to the nucleus for binding to specific DNA sequences in the promoter of target genes (33, 35) . Present study reveals that WA treatment inhibits transcriptional activity of STAT3 as revealed by luciferase reporter assay. Consistent with these observations, nuclear translocation of constitutive as well as IL-6-inducible pSTAT3 is markedly suppressed in WA-treated MDA-MB-231 and MCF-7 cells. Inhibition of STAT3 dimerization in WA-treated cells further points toward its functional inactivation in our model.
Another critical objective of the present study was to test whether activation of STAT3 confers protection against WA-induced apoptotic cell death or anti-invasive effect. This was a strong possibility considering expression of many anti-apoptotic genes (e.g. Bcl-2, Bcl-xL and survivin) and those implicated in metastasis (e.g. MMP2, MMP9 and VEGF) are regulated by STAT3 (35, 42) . Consistent with anti-apoptotic role of STAT3 activation, peptide-mediated inhibition of STAT3 has been shown to sensitize v-erb-b2 erythroblastic leukemia viral oncogene homolog 2, neuro/glioblastoma derived oncogene homolog-overexpressing breast cancer cells to growth inhibition by Taxol (47) . Likewise, blockade of STAT3 activation by treatment with inhibitors of epidermal growth factor receptor and JAK2 or by transfection with a dominant-negative STAT3 renders 435B cells more sensitive to chemotherapy-induced apoptosis (50) . To our surprise, proapoptotic effect of WA is not influenced by IL-6-induced activation of STAT3 (present study). It is interesting to note that STAT5 has been shown to modify effects of STAT3 from the level of gene expression to cellular phenotype (46) . Specifically, using a model of paired breast cancer cells, it has been documented that coactivation of STAT5 and STAT3 results in decreased cellular proliferation and increased sensitivity to paclitaxel and vinorelbine (46) . It is plausible that WA treatment causes activation of STAT5 to counteract the anti-apoptotic effect of STAT3 activation resulting from the IL-6 stimulation. Even though further studies are needed to systematically explore this possibility, it is important to point out that the effect of WA treatment on levels of STAT3-regulated gene products (e.g. Bcl-2 and Bcl-xL) observed in our previous study (28) does not correlate with kinetic of suppression of the STAT3 activation (present study). Inhibition of MDA-MB-231 cell migration and invasion through Matrigel by WA is also only modestly reduced by IL-6 stimulation.
In conclusion, we demonstrate that WA is an effective inhibitor of constitutive and IL-6-induced activation of STAT3 in human breast cancer cells. However, IL-6-stimulation has minimal impact on WAinduced apoptosis or inhibition of cell migration. Potential clinical implication of these observations is that WA can overcome STAT3 activation for induction of apoptosis and inhibition of migration and invasion in human breast cancer cells. Conflict of Interest Statement: None declared.
